The electrical, thermal and mechanical properties of functionally graded materials vary with microstructure and composition. Consequently it is very important to know quantitatively the properties of composites for the design of functionally graded materials. However, few methods of quantitative and theoretical evaluation for material properties on wide compositional range have been established. In this research, a method that estimates the material properties of composites directly from their microstructure assisted with finite element analysis was investigated. As an example of the estimation of material properties, the thermal conductivity of Mo fiber-Cu matrix composites has been evaluated. Calculated results of thermal conductivity are well in agreement with the experimental data measured by using a laser flash apparatus and the smallest deviation is 1.9%. The finite element analysis using a metallographic model is a very accurate method for estimation of composite properties.
Introduction
Recent technological advancement requires advanced materials with multiple superior properties suited for each application. [1] [2] [3] [4] Functionally graded materials in which internal properties vary continuously with the change of their microstructure and composition 5, 6) have the potential to meet such requirements. In order to fabricate the functionally graded materials having desired functions, determination of optimal components and spatial distribution of composition is necessary based on quantitative estimation of material properties. However, numerous combinations of materials and their compositions cause considerable efforts and time for the optimization. Hence, some numerical and analytical methods for quantitative estimation of material properties become very important for designing the functionally graded materials. Many analytical approaches for the quantitative evaluation of material properties of composites are found in literatures, [7] [8] [9] most of them, however, involve several restrictions on the morphology of the microstructures. This is due to insufficient information about the microstructural geometry or the incapability of dealing with the geometrical complexity in numerical modeling of the actual microstructures which are generally very complicated. Therefore, there may be potential errors in estimating the effective material properties by means of analytical methods.
Hollister and Kikuchi 10) reported a numerical method which allows the determination of appropriate microstructural geometry models. They extensively utilized digital images of the microstructure so that their processing technique is called Digital Image Based (DIB) modeling. The technique is used to construct the digitalized Finite Element (FE) model of a bone microstructure by identifying each voxel as a finite element. Along with the asymptotic homogenization method, their DIB modeling technique enabled the quantitative study of the macro-and micromechanical characteristics of bone's porous skeleton in the framework of linear elasticity.
Another method which enables the estimation of material properties of composites directly from the actual microstructure assisted with DIB technique and finite element analysis was proposed in our previous work. 11) In this method, the material properties are estimated directly from the results of finite element analysis. Hence, not only mechanical, thermal, and electrical properties but also combined properties (e.g. thermal expansion and piezoelectric properties) are evaluated by just providing the suitable boundary conditions for the model. In addition, the local distribution of material properties in the case of functionally graded materials could also be evaluated by this method since it does not necessarily require the assumption of local periodicity of the media. Therefore, this method offers very high potential for the optimization and evaluation of functionally graded materials, and becomes an addition to the very few methods established for quantitative evaluation. However, the accuracy of material properties estimated by this method has not been evaluated.
The purpose of this paper is to reveal the estimation accuracy of the method assisted with DIB technique and finite element analysis on the thermal conductivity of a composite. A Mo fiber-Cu matrix composite prepared through the infiltration process was selected as a target material. In this case, the composite was a unidirectional composite and 2-dimensional analytical model was easily taken into account because the arrangement of circular Mo phase was observed in the plane perpendicular to the axis of the Mo fiber. Then, the thermal conductivities of the composite were estimated in 2-dimensional analysis. The estimated thermal conductivities have been compared with both of those calculated by the theories and experimental results obtained by laser flash method.
Analysis and Experiment Procedure

Microstructural modeling for composites
The procedure for microstructural modeling conducted in this paper is shown in Fig. 1 . Digital Image Based (DIB) geometric modeling technique 10, 12) was used to reflect the actual morphology of composite microstructure such as inclusion shape, volume fractions, etc. on Finite Element (FE) model. The DIB technique for 2-dimensional models can be divided into three parts. First, the image of composite microstructure observed by optical micrograph, SEM, EPMA and so on, is captured as a digital image by an optical sensor. The second step contains the image processing which emphasizes the contrast of colors (e.g. thresholding) conducted to the digitalized microstructure in order to separate it into a domain of each component. As for the third step, the processed image is converted into FE model by recognizing each pixel in images as a 4-node square finite element, that is, each same size finite element has the material constants of a component according to the value of the corresponding pixel. This DIB technique has a great advantage of excluding any meshing manipulation such as defining coordinates and element connectivities because all the elements have the same size.
Estimation of thermal conductivity
In this work, the material property of composite was estimated assisted with Finite Element Analysis (FEA). The FE model described in previous section was applied suitable boundary conditions and subsequently analyzed by FEA. The effective property of the model was calculated from the results of FEA using the basic laws in physics. In the case of estimation of thermal conductivities, the FE model was applied boundary conditions as shown in Fig. 2 ; an arbitrary uniform difference of temperature ÁT, between distance d, of the surfaces in the direction of estimation and periodical condition on the rest of the surfaces. In this paper, the ÁT was determined as 10 K. The average heat flux, Q, was obtained subsequently using FEA and the effective thermal conductivity, eff , of the model was determined by the following expression,
2.3 Fabrication and evaluation of Mo fiber-Cu matrix composite Mo fiber-Cu matrix composite specimens were prepared from Mo fibers with a diameter of 120 mm and Cu plates. The Mo fibers were electrolyzed, cleaned and straightened. Then about 5000 fibers were bundled in a diameter of 10 mm. The molten Cu was then infiltrated into the bundle of Mo fibers in hydrogen atmosphere. This infiltration was performed in a graphite crucible for 60 seconds at 1503 K then cooled in a furnace.
Thermal diffusivity was measured using laser flash technique (Netzsch, LFA-427) at room temperature. The specimens were in the form of 10 mm-diameter circular disks with a thickness of 1 mm. Density of the specimens was measured by Archimedes' method, and composition of the specimens was determined from the measured density assuming that the specimens were fully densified. Specific heat was obtained as the weight percentage of the specific heat of each constituent. 13) Thermal conductivity was calculated as a product of thermal diffusivity, specific heat, and density of the specimens. Microstructures of the specimens were observed by optical microscope and scanning electron microscope (SEM).
Thermal Conductivities of the Ideal Model for
Unidirectional Composite
Modeling of ideal microstructure
The model of unidirectional circular cylinders packed in square arrays is shown as an ideal unidirectional composite in both the matrix and the fiber are homogeneous and isotropic, (c) the thermal contact resistance between the fiber and matrix is negligible, (d) the problem is two-dimensional, and (e) the fibers are arranged in a square periodic array, i.e. they are uniformly distributed in the matrix. The model shown in Fig. 3 (a) is a unit cell which represents one-cycle of the periodic structure, so the transverse thermal conductivity of unidirectional composite of circular cylinders was estimated by using this unit cell. The unit cell was divided into 4-node fixed size square elements as shown in Fig. 3(b) , so that the FE model obtained from the unit cell became equivalent to that obtained from the microstructure of composites. Under the conditions described above, the microstructure is restricted to the model size in the direction of estimation even though it is assumed to spread infinitely in other directions. So, the models which consist of several unit cells as shown in Fig. 4 are considered in this work for evaluating the effect of boundary conditions. When the model consists of several unit cells, multiplying the number of elements per unit cell by the number of unit cells gives the total number of elements in the model. Thus, the number of unit cells represents the size of the model in this study. The analysis conditions are shown in Table 1 .
Justification of modeling
The effects of the analysis conditions shown in Table 1 on thermal conductivities estimated from the microstructure are evaluated in this section. Figure 5 shows the relationship between the estimated thermal conductivity and the number of elements for 4 different ratios of f = m , where, f is the fiber thermal conductivity and m is the matrix thermal conductivity. There is one unit cell for the model. The estimated thermal conductivity becomes close to a certain value where the number of elements per unit cell is over 3000. Each standard deviation for four points surrounded by dashed line in Fig. 5 is under 1%. The boundary in FE model made in the DIB technique has zigzag shapes, different from the real microstructure, because the model consists of assembly of fixed sized square elements. These results indicate that if the number of elements in the model is large enough to represent the accurate geometry of microstructures, the thermal conductivity of composites can be accurately evaluated from their microstructure. The number of unit cells must be as large as possible to have a more accurate result. However, when the number of elements is larger, the larger memory size of a computer is also required. In the case of composites of unidirectional circular cylinders packed in square arrays, the 3000 elements per unit cell can be assumed to be large enough to estimate the thermal conductivity accurately. Figure 6 shows the thermal conductivities estimated by the models, those of different number of unit cells for 4 different ratios of f = m . Each model was divided into 10201 elements per unit cell. The standard deviations for three results of the same composition were approximately 10 À4 %, respectively. These results indicate that in the case of composites of unidirectional circular cylinders packed in square arrays, the number of unit cells in the model does not influence on the estimated thermal conductivity. That is, the estimated thermal conductivity is not affected by the boundary conditions described in previous section which restricts the model size. Hence, the thermal conductivity is estimated accurately enough by analysis on one unit cell. Hereafter, the estimation of thermal conductivity described in this study is done by the model consisting of only one unit cell.
Comparison with the established theories
A large number of theories are available for predicting the transverse thermal conductivity of unidirectional composites. Out of the many predictive models for transverse thermal conductivity of unidirectional composites, the models of Chawla, 14) Sprinter-Tsai, 15) Hashin 8) and Rayleigh 16) were selected as representative examples of circular cylinders packed in square arrays. Also, the macroscopic heat transfer in periodic composites has been studied using the homogenization method. 17, 18) The estimation method for material properties using their microstructures described in this study was evaluated by comparison with the four predictive models and homogenization method. Figure 7 shows the comparison between the thermal conductivity estimated by the method of present study and the homogenized thermal conductivity for different ratios of f = m . In the case of estimation by homogenization method, the unit cell was divided into 4-node fixed size square elements same as with the FE model used in the analysis described in this study. For both methods, each unit cell had 10201 square elements. The thermal conductivities estimated by the method of the present study were well in agreement with the homogenized thermal conductivities. The deviations of the estimated thermal conductivity from the homogenized thermal conductivity were under 2 Â 10 À4 % of the homogenized results. Figure 8 shows the comparison between the thermal conductivity estimated by the present method and the thermal conductivities predicted by the model of Chawla, SprinterTsai, Hashin and Rayleigh respectively for different ratios of f = m . The model used by the method of the present study has one unit cell and 10201 elements in itself, as with the case of comparison with the homogenization method. The thermal conductivities estimated by the present method were well in agreement with the thermal conductivities predicted by Rayleigh's model. The deviations of the estimated thermal conductivity from the thermal conductivity predicted by Rayleigh's model were under 2% of the Rayleigh's results in the analysis conditions, i.e. in the combinations of volume fraction of fibers and ratios of f = m assumed in this paper.
From these results, when the microstructure of composites is assumed to be unidirectional circular cylinders, deviations of the estimated thermal conductivity from the homogenized thermal conductivity and those from the thermal conductivity predicted by Rayleigh's model can be evaluated quantitatively. Thus, the estimation method of the present study is very useful for estimating the composite properties.
Thermal Conductivity of Mo Fiber-Cu Matrix Composite
In the previous section, the estimation method was evaluated in one case of the ideal unidirectional composites. This method was concluded to be useful for the estimation of composite properties. Next, in this section, the thermal conductivity of the actual Mo fiber-Cu matrix composite was estimated by using the method of the present study.
Evaluation of the specimens
The Mo fiber-Cu matrix specimens were evaluated before estimating the material properties. Figure 9 shows the representative optical micrograph of the specimen. The fibers were arranged regularly perpendicular to the cross-section of the specimen as seen in Fig. 9(a) . Furthermore, where the fibers got out of order as seen in Fig.  9(b) , copper was well infiltrated and no pores were evident. Figure 10 shows the SEM micrographs of the specimen. The copper are infiltrated between the fibers, though the fibers are supposed to be in touch with each other in the optical micrograph. The Mo-Cu system only has a 0.061 at% of molybdenum eutectic solid solution under the melting temperature of copper 19) and there is no evidence of reaction phase which acts as thermal barrier at the interfaces.
The fibrous and transverse thermal conductivities of the specimens were plotted respectively in Fig. 11 , where the volume fraction of molybdenum was determined to be 88% from the density measured by Archimedes's method. The experimental thermal conductivity along the fiber direction was compared with the pararell model in Fig. 11(a) , while for the transverse direction it was compared with the Perrins's model in Fig. 11(b) . The pararell model is a linear rule of mixtures, while the Perrins's model is a predictive model for the transverse circular cylinders packed in hexagonal arrays. Each experimental result is well in agreement with the predicted one, so there is no thermal barrier at the interfaces, which is also obvious from the SEM micrographs. Figure 12 shows a macro image which represents the actual microstructure of Mo fiber-Cu matrix composite and the unit cells selected from this image. This image is a binary image made from the microstructure, and the white parts represent the fibers while the black parts represent the matrix.
Modeling of composites for estimation
The unit cells of five sizes were selected from this binary image respectively. The unit cell of Type A surrounds a single fiber, representing the microstructure of unidirectional composites consisting of unidirectional circular cylinders in regular arrays. The unit cell of Type A was divided into 64 Â 64 elements based on the results in the previous section that in the case of composites of unidirectional circular cylinders, 3000 elements per unit cell is large enough to estimate the thermal conductivity. However, the actual microstructure is not regular although the unit cell of Type A represents a regular one. So the unit cells of different sizes from Type B to Type E were also selected from the binary microstructure. The areas of the unit cells were 4, 25, 64 and 144 times of Type A respectively, and the size of elements was the same as that of Type A. The model for estimation of thermal conductivity consists of one unit cell based on the results in the previous section that the thermal conductivity was estimated accurately enough by analysis on one unit cell in the case of composites of unidirectional circular cylinders. The thermal conductivity was calculated as an average value of the 5 results for each size of unit cell. In the case of Type A, the unit cells were selected so as to surround one fiber respectively although they were selected randomly in other cases. The thermal conductivity of copper and molybdenum which were used in the estimation was assumed to be the experimental data measured by laser flash technique at room temperature for each bulk material.
Comparison with experimental result
The thermal conductivities of Mo fiber-Cu material composite estimated from their microstructure were plotted in Fig. 13 . The continuous line represents the thermal conductivity measured by laser flash technique. The dashed lines and error bars represent the standard deviation of each result. The data spread in the estimated results came from the variation of microstructure in each unit cell. In the case of Type A, the unit cell was selected so as to surround one fiber respectively, so the estimated results did not spread widely. However, this was a special case in this study. In the case of the other sizes of unit cells which were selected randomly, the larger the size of unit cell, the narrower data spread of the estimated thermal conductivity. This result indicates that the material properties of actual composites which have irregular microstructure were estimated more accurately by making the size of unit cell more larger.
The deviations of estimated thermal conductivity from the experimental results were evaluated. The unit cells of Type D and Type E which were larger than the unit cells of other size in this paper were selected for the evaluation. In the case of Type D: i.e. the area of the unit cell is 64 times as large as that of Type A and the number of elements is about 250000, the deviation of estimated thermal conductivity from the experimental results is 2.0% and the standard deviation of the estimated results is 3.2% in regard to the experimental results. Subsequently, in the case of Type E: i.e. the area of the unit cell is 144 times as large as that of Type A and the number of element is about 600000, the deviation of estimated thermal conductivity from the experimental results is 1.9% and the standard deviation of the estimated results is 2.1% in regard to the experimental results.
Conclusion
The thermal conductivities of unidirectional composite estimated by the method assisted with DIB technique and finite element analysis were evaluated by comparing both the established theories and experimental results of Mo fiber-Cu matrix composite.
The ideal model of unidirectional circular cylinders packed in square arrays was assumed and the characteristics of the thermal conductivity estimated by the method described in this study were evaluated as described below:
. the 3000 elements per unit cell is large enough to estimate the thermal conductivity accurately; . the thermal conductivity was estimated enough accurately by analysis on one unit cell; and, . the deviations of the estimated thermal conductivity from the homogenized thermal conductivity and those deviations from the thermal conductivity predicted by Rayleigh's model were evaluated quantitatively. The actual thermal conductivity of Mo fiber-Cu matrix composite was estimated using the method described in this study. Based on the results, it is concluded that the material properties of actual composites which have irregular microstructure are estimated more accurately by making the size of unit cell more larger. In addition, the estimated thermal conductivities can be evaluated quantitatively by comparison with the experimental results. Moreover, the electrical and mechanical properties as well as the thermal conductivity of functionally graded materials should be well evaluated quantitatively. Hence, this method has a great contribution to the research and application of functionally graded materials. 
